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1. Introduction
A record of the late Paleozoic ice age is widely dis-
tributed in the sedimentary basins of Gondwana. The 
youngest evidence of a cold climate in Gondwana oc-
curs in the Permian of eastern Australia (Figure 1), in 
the form of outsized clasts interpreted as ice-rafted de-
bris (IRD) and glendonites, pseudomorphs after ikaite. 
Based on such evidence, previous workers have sug-
gested that ice age conditions in eastern Australia per-
sisted into the Late Permian (e.g. Veevers and Powell, 
1987; Crowell, 1995). Recent models that suggest the ice 
age terminated synchronously in the mid-Sakmarian 
(Dickins, 1996; Isbell et al., 2003) do not account for the 
presence of cold climate indicators in late Sakmarian–
Wordian strata of eastern Australia.
The distribution of cold climate indicators within the 
eastern Australian Permian succession is somewhat par-
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Abstract
A suite of ice-rafted dropstones and glendonites throughout the Permian succession of eastern Australia indi-
cates the cold climate associated with the late Paleozoic ice age persisted longest in this part of Gondwana. Par-
adoxically, these cold climate indicators are preserved in transgressive and highstand facies and formed at mid 
to high latitudes at a time when paleofloral and sedimentological data suggest equable onshore environments 
during the intervening lowstands and temperate conditions at the pole. These apparent inconsistencies sug-
gest that eastern Australia was anomalously cold in the context of post-Sakmarian Gondwanan climates, and 
the distribution of sedimentary indicators could indicate localized cooling by oceanographic processes. Mod-
ern upwelling of cold abyssal waters produces the specific physiochemical conditions necessary for ikaite for-
mation, and is likely to have contributed to the development of glendonites in the eastern Australian Permian 
system. Such upwelling would have locally lowered surface water temperatures such that seasonal sea or river 
ice could form, which rafted debris across the marine shelf, and a cold-water fauna could develop. This hypoth-
esis is supported by coupled atmosphere–ocean models for the Permian, which suggest that wind systems may 
have driven upwelling along this section of the Gondwanan coast. Colder conditions dissipated with the on-
set of the Hunter–Bowen Contractional Event and the transformation of the basin system from an open marine 
shelf to a foreland basin. This new hypothesis reconciles the prolonged deposition of cold-climate indicators in 
the eastern Australian Permian with an apparent post-Sakmarian warming elsewhere in Gondwana.
Keywords: Permian, Gondwana, Eastern Australia, late Paleozoic ice age, cold climate indicators, paleoclimate 
models, upwelling
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adoxical in the context of the enclosing facies. The low-
stand/highstand cyclicity of the Bowen–Gunnedah–
Sydney Basin System (BGSBS) is inter-regional and of 
a scale suggestive of glacial/interglacial control (Figure 
2; Veevers and Powell, 1987). However, cold climate in-
dicators (glendonites and IRD) in these basins are pref-
erentially distributed in highstand marine mudrocks, 
normally associated with warm interglacial periods, 
whereas many of the sandstone-dominated, lowstand 
units preserve substantial coal deposits. A further com-
plication is highlighted in comparing the Permian suc-
cessions from eastern and Western Australia. Despite 
similar basin fills and paleolatitudinal positions cold-
climate indicators in the post-Sakmarian succession of 
Western Australia are conspicuously absent, with no 
glendonites discovered to date (Gorter, 2002) and “drop-
stones” reinterpreted in some cases as components of 
gravity flows (Eyles and Eyles, 2000).
This paper proposes an oceanographic explanation 
for the persistence of cold climate in eastern Australia 
subsequent to the termination of glacial conditions else-
where in Gondwana, whereby upwelling waters along 
the eastern margin of Gondwana maintained cold sea 
floor conditions through to Wordian time.
2. Geologic setting
The BGSBS (Figure 1) formed along the Panthalassan 
margin of Gondwana in the Late Paleozoic, occupying 
Figure 1. (a) Position of eastern Australia in Gondwana during the Permian, with surface and deep currents (Winguth et al., 2002) 
and apparent polar wander path indicated by dashed line (Powell and Li, 1994). (b) Paleogeography of the Bowen–Gunnedah–
Sydney Basin System during the mid-Permian (Fielding et al., 2001), including prevailing winds (Gibbs et al., 2002) and locations 
of glendonite discoveries (stars).
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polar to temperate paleolatitudes (Powell and Li, 1994). 
Marine transgressions of inter-regional extent, and 
hence likely glacio-eustatic or glacio-isostatic in origin, 
periodically flooded the system during basin evolution 
(Fielding et al., 2001). Highstand facies are characterized 
by fine-grained offshore transition to shelfal deposits, 
and lowstand facies are predominantly sandy shoreface 
and deltaic deposits with coal measures common in the 
Late Permian (Figure 2).
Glacial facies have not been definitively identified 
in the Permian of the BGSBS. Units in the Sydney and 
Gunnedah Basins that have previously been character-
ized as glacial in nature have been subsequently reinter-
preted as high-energy braidplain deposits or transgres-
sive fan delta complexes (Tadros, 1993 and Tye et al., 
1996). Glacial interpretations in post-Sakmarian strata of 
the Bowen Basin have been tentative at best, and recent 
work suggests that glaciers did not directly influence 
sedimentation in this part of eastern Australia (Jones 
and Fielding, 2004).
3. Cold climate indicators in the BGSBS
3.1. Outsized clasts
Outsized clasts are preserved throughout the Sakmar-
ian–Wordian succession in the BGSBS (Figure 2). The 
lonestones, which range from gravel to boulder (up to 
3 m in diameter; Figure 3) size, are preserved predomi-
nantly in fine-grained offshore facies, although they also 
occur in coastal facies and lacustrine units. The abun-
dance of lonestones, interpreted as IRD, varies from iso-
lated clasts to clast layers over 1 m thick. A number of 
the lonestones penetrate and depress underlying sedi-
ments, suggestive of impact structures, and are draped 
by overlying sediments. The clasts are polymictic, and 
vary widely in shape and roundness. The main litholo-
gies are sedimentary (sandstone, minor limestone), low-
grade metasedimentary (phyllite, quartzite, chert), felsic 
volcanic and intrusive, and vein quartz, which together 
account for > 95% of total clasts found. Orientation of 
Figure 2. Representative stratigraphy of the Bowen–Gunnedah–Sydney Basin System from the western Bowen Basin (Denison 
Trough) and eastern Sydney Basin, showing the stratigraphic extent and preferential distribution of cold climate indicators in the 
highstand/transgressive facies. Also indicated are tectonic phases in basin evolution from Fielding et al. (2001). Timescale is that 
of Gradstein et al. (2004).
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the clasts within individual layers tends to be random. 
A small number of the lonestones were found to pre-
serve striations. For detailed descriptions of clast distri-
butions see Crowell and Frakes (1971), Draper (1983), 
and Eyles et al. (1997).
The abundance and size of the clasts, the drop, 
dump and rarely grounding structures (cf. Thomas 
and Connell, 1985) within which they are preserved, 
and to a lesser extent the random fabrics shown by the 
more elongate clasts, indicate that outsized clasts of 
the BGSBS were rafted into the marine environment 
by floating ice. Crowell and Frakes (1971) and Eyles et 
al. (1997) asserted that outsized clasts in the southern 
Sydney Basin were exotic, and invoked iceberg drifting 
from Antarctica as the likely mechanism of introduc-
tion to that area. However, Tye et al. (1996) found that 
the lithology of clasts corresponded closely to that of 
the Lachlan Fold Belt basement in the immediate hin-
terland, and proposed that clasts were more likely lo-
cally derived and delivered mainly via river-borne ice. 
In the Bowen Basin, a decrease in abundance of clasts 
away from the southwestern basin margin and the pre-
dominance of rounded spherical forms were inter-
preted by Draper (1983) to indicate rafting from local 
river or beach sources by seasonal ice (see also Jones, 
2003). In both the Sydney and Bowen Basins, the wide-
spread extent of outsized debris argues against a direct 
glacial origin (cf. Anderson et al., 1980). Sea ice in com-
bination with icebergs can readily account for the dis-
tribution of outsized material in the BGSBS (cf. Thomas 
and Connell, 1985; Kempema et al., 1989).
3.2. Glendonites
On the basis of morphology and crystal habit, glen-
donites in Permian strata of eastern Australia (Figure 4) 
are interpreted as pseudomorphs after ikaite, the hexa-


























Figure 3. (a) Metasedimentary lonestone from the basal Pebbley Beach Formation at Depot Beach, NSW (UTM zone 56H, 0257700, 
6055200). Book is 190 mm long. (b) Dropstone in the type section of the Cattle Creek Formation, southwestern Bowen Basin (UTM 
zone 55J, 0631400, 7247600). Hammer is 250 mm long.
Figure 4. Glendonites from the Wandrawandian Siltstone 
in the southeast Sydney Basin, with rosette (a; coin is 25 mm 
across) and bladed (b; upper scale—in., lower scale—cm) mor-
phologies (UTM zone 56H, 0271350, 6084900).
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The pseudomorphs are abundant throughout the geo-
graphic extent of the BGSBS and in units of Sakmarian 
through Wordian age (Figure 2; Dickins, 1996). The most 
common lithologic association for glendonites is fine-
grained, dark gray (organic-rich) mudstones and sandy 
mudstones with scattered outsized clasts, interpreted as 
offshore to offshore-transition facies.
The association of glendonites with cold conditions 
stems from the physiochemical requirements for ikaite 
precipitation, namely low temperatures (− 1.9 to + 7 
°C), high alkalinity, and elevated concentrations of or-
thophosphate (Suess et al., 1982; Bischoff et al., 1993). 
Upon exposure to higher temperatures, ikaite becomes 
unstable and transforms to calcite. In modern settings, 
ikaite has been discovered growing displacively within 
organic-rich, terrigenous mud on high-latitude shelves 
(Suess et al., 1982; Kodina et al., 2003; Greinert and 
Derkachev, 2004). In the Kara Sea, where bottom tem-
peratures are − 1.5 °C, pore water geochemical profiles 
indicate that ikaite forms in zones of microbially medi-
ated organic matter mineralization and sulfate reduc-
tion, which generates alkalinity (Kodina et al., 2003). 
In these sediments, ikaite carbonate and dissolved in-
organic carbon (DIC) in surrounding pore waters have 
nearly identical δ13C values (as low as − 42‰ relative to 
the Vienna Peedee belemnite [VPDB] isotope standard), 
suggesting that the main source of carbon for ikaite pre-
cipitation is organic matter.
Glendonites of the Wandrawandian Siltstone of the 
Sydney Basin (Figure 4) are characterized by their large 
size, reaching up to 40 cm in length, and high abun-
dance. Within this formation, they occur within doz-
ens of discrete stratigraphic horizons with a spatial den-
sity, as determined from bedding plane exposures, of 
5–25 specimens per m2. Petrographic examination of 
the glendonites by Thomas (2005) revealed a complex 
paragenesis, with up to six petrographic phases identi-
fied. The earliest formed phase has a morphology iden-
tical to the gross morphology of glendonites observed 
at the outcrop scale (e.g. Figure 4). Isotopic analysis of 
several glendonite specimens showed that the earliest 
formed phase is characterized by the lowest δ13C (− 14‰ 
to − 28‰ VPDB) and the highest δ18O (0 to − 5‰) val-
ues (Thomas, 2005). Whereas oxygen isotope composi-
tions are consistent with precipitation (or transforma-
tion from ikaite to calcite) at low temperatures, the δ13C 
values suggest a substantial contribution of carbon from 
organic matter diagenesis. These data suggest that these 
Permian glendonites formed under conditions similar to 
those observed by Kodina et al. (2003), where ikaite is 
forming in the Kara Sea.
3.3. Faunal assemblages
The Early Permian marine environment of east-
ern Australia was dominated by the cold-resistant Eu-
rydesma fauna (Dickins, 1978). The thick-shelled bi-
valve Eurydesma was an immobile, epifaunal suspension 
feeder that thrived in high productivity areas where or-
ganic detritus was abundant (Runnegar, 1979). The Eu-
rydesma fauna, which includes other bivalves (e.g. Del-
topecten), gastropods (e.g. Keenia) and brachiopods (e.g. 
Trigonotreta) associated with cold water, in addition to 
massive bryozoans (e.g. Stenopora) and tabulate corals 
(e.g. Cladochonus), is characterized by low diversity and 
very high population numbers (Dickins, 1978; Runnegar, 
1979). This fauna was, however, succeeded by others of 
higher diversity during the later Early Permian.
4. Discussion
The Permian succession of eastern Australia, in which 
marine highstand facies containing cold climate indica-
tors alternate with lowstand deposits that in some cases 
record forested peat swamps (Fielding et al., 2001), pres-
ents an intriguing paradox in the context of Gondwanan 
climates. Sedimentary and paleobotanical records for the 
post-Sakmarian Permian suggest that climate conditions 
at the pole were relatively mild (Rees et al., 2002), and 
sedimentary systems at paleolatitudes similar to those 
of eastern Australia (e.g. Western Australia) do not pre-
serve a record of cold climate (Gorter, 2002). Therefore, 
eastern Australia appears to have been anomalously 
cold relative to the latitudinal temperature gradient for 
the time. As such, recent analogies such as the Quater-
nary of the high Arctic, in which sea-ice dominated gla-
cial intervals are intercalated with low-stand progra-
dational packages including coal seams (Hubberten et 
al., 2004), are not directly applicable to the analysis of 
BGSBS climate. One approach to resolving this para-
dox lies in accounting for the development of conditions 
necessary for ikaite formation, as recorded by the pres-
ence of abundant glendonites.
Studies of ikaite occurrences in slope settings of the 
Sea of Okhotsk (Greinert and Derkachev, 2004) and the 
Kara Sea (Kodina et al., 2003) off Siberia suggest that 
ikaite forms in settings where microbially mediated or-
ganic matter degradation is occurring and/or near cold 
hydrocarbon seeps, where upward-migrating, meth-
ane-rich fluids promote the anaerobic decomposition 
of organic matter. The absence of fossil gas-chimneys 
and chemosynthetic communities typically associated 
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with methane vents (e.g. Greinert and Derkachev, 2004), 
however, suggests that cold methane seeps did not af-
fect the shelf settings recorded in the Permian of eastern 
Australia.
Domack et al. (1993) interpreted organic-rich mu-
drocks with dropstones and glendonites in the Permian 
Tasmania Basin as recording phases of high productiv-
ity associated with physical stability of the photic zone 
through sea ice cover. Application of this model to the 
regional distribution of glendonites in the BGSBS would 
require almost complete coverage of the basin, which 
encompasses a broad, polar to temperate latitudinal 
span, with sea ice. In the BGSBS, upwelling is a process 
that could have led to the development of conditions fa-
vorable to ikaite formation, namely elevated productiv-
ity and increased organic matter transport, the develop-
ment of anaerobic conditions below the sediment–water 
interface, and cold sea floor temperatures.
Upwelling of cold, nutrient-rich deep ocean water, 
by stimulating biological productivity in the shallow 
ocean, can lead to enhanced burial preservation of or-
ganic matter as the decomposition of sinking organic 
matter increases oxygen demand in the water column 
(Canfield, 1994). Along modern upwelling margins, 
shelf sediments have high total organic carbon (TOC) 
contents (Peru margin: up to 6 wt.% TOC; Froelich et 
al., 1988; Benguela upwelling system: 2.5 wt.% TOC 
average in Holocene shelf sediments, higher in Last 
Glacial Maximum sediments; Mollenhauer et al., 2002). 
The TOC contents in offshore Permian strata of east-
ern Australia are consistent with those that character-
ize modern sites of upwelling. For example, the Inge-
lara Formation (Bowen Basin) and the Wandrawandian 
and Mulbring (Berry Siltstone equivalent) siltstones of 
the Sydney Basin are characterized by TOC concentra-
tions that approach, and in some cases exceed, 2 wt.% 
(Jackson et al., 1980; Stewart and Alder, 1995; Thomas, 
2005). On the modern Peru continental margin, the up-
per 10 cm of the sediment profile is a zone of mixed 
suboxic to anoxic diagenesis, with high alkalinity and 
dissolved phosphate concentrations from 20 to 100 μM, 
orders of magnitude higher than overlying water col-
umn concentrations (Froelich et al., 1988). Assuming 
that similar diagenetic conditions developed within 
offshore muds of eastern Australia during Permian 
time, the upwelling of near-freezing deep water along 
this high latitude margin could have provided the fi-
nal ingredient necessary for ikaite formation, namely 
cold bottom temperatures. In the Wandrawandian Silt-
stone, total organic carbon (TOC) and total nitrogen 
(TN) concentrations determined by Thomas (2005) are 
consistent with an upwelling scenario. The C : N ra-
tio in these sediments ranges from ~3 to 11, suggesting 
that organic matter in these glendonite-bearing strata 
is largely of marine origin.
Reconstructions of Permian surface wind and ocean 
circulation patterns are consistent with the proposed 
upwelling scenario (Gibbs et al., 2002; Winguth et al., 
2002). Such models predict westerly trade winds during 
the winter months, which may have pushed surface wa-
ters offshore, leading to the replacement of warm surface 
waters with cold abyssal waters that upwelled from the 
adjacent ocean basin. Upwelling could have continued 
during the summer, as southerly directed winds along 
the eastern Gondwanan coast generated an Ekman cur-
rent that directed surface waters away from Gondwana 
and into the Panthalassan Ocean (Figure 1). Reconstruc-
tions of thermohaline circulation patterns suggest that 
cold, dense surface water sank at the southern pole and 
formed a deep water mass that flowed as a western 
boundary current along the eastern coast of Gondwana 
and toward equatorial regions (Figure 1; Winguth et al., 
2002). Assuming that deep-water production was most 
intense during the winter months (Winguth et al., 2002) 
suggests that upwelling waters derived from this water 
mass would have been particularly cold.
In addition to generating conditions favorable for 
ikaite formation on the shelf, upwelling of cold oce-
anic deep water could have caused localized cooling 
along eastern Gondwana. Wind induced coastal upwell-
ing along the New Jersey (39° to 40°N) and central Chil-
ean (36° to 40°S) coasts reduces sea surface temperatures 
by 5° to 7°C (Glenn et al., 1996; Atkinson et al., 2002). A 
similar reduction in surface temperatures along the east-
ern Australian margin would place the coastal environ-
ment within a temperature window compatible with the 
development of seasonal ice that could have carried out-
sized clasts out over the shelf.
Cold conditions along the eastern coast of Australia 
during the Permian due to upwelling could account for 
the absence of cold climate indicators in Western Aus-
tralian strata of the same age, which has been a source 
of uncertainty given the similar basin fills and paleo-
latitudinal positions of the two regions (Gorter, 2002). 
Modeled winds and currents along the Western Aus-
tralian coast would have prevented upwelling along the 
Tethyan margin. Moreover, paleoclimate models sug-
gest that deep waters affecting this region originated at 
equatorial latitudes of the Tethys where estimated sea 
surface temperatures ranged from 12 to 24 °C (Winguth 
et al., 2002). Even if upwelling did occur, model results 
suggest that sea floor temperatures would have been 
too high to have provided ideal conditions for glendon-
ite formation. A lack of cold upwelling waters along the 
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Western Australian coast could also explain the earlier 
extinction of the Eurydesma fauna in western relative to 
eastern Australia (cf. Dickins, 1978). In the Permian suc-
cession of eastern Australia, cold climate indicators are 
absent in post-Wordian strata. Their disappearance co-
incides with a change in the BGSBS from extension and 
thermal subsidence to foreland loading, which involved 
uplift to the east of what was previously a broad, open 
marine shelf (Fielding et al., 2001). We speculate that 
with the subsequent change in margin morphology, the 
influence of upwelling on climate conditions along the 
eastern Gondwanan margin diminished.
5. Conclusions
This upwelling hypothesis provides, for the first time, 
an explanation for the prolonged cold climate that led 
to the deposition of IRD and glendonites in the BGSBS 
subsequent to the apparent termination of the late Pa-
leozoic glaciation in the mid-Sakmarian, and is consis-
tent with the evidence preserved in the sedimentary re-
cord and paleoclimate models for the time. Upwelling 
could account for the restriction of glendonites and IRD 
to eastern Australia, as paleoclimate model results sug-
gest that Tethys sea floor temperatures would have been 
too high to have provided ideal conditions for glendon-
ite formation in western regions (Winguth et al., 2002). 
It may also account for the presence of glendonites and 
dropstones in strata of other ages (e.g. Early Cretaceous) 
for which direct evidence for glaciation is otherwise 
lacking. Testing of this model will require further exam-
ination of isotopic and geochemical data within well-de-
fined sedimentological and stratigraphic frameworks.
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